Abstract -Capsule endoscopy plays a more and more important role in the diagnosis of diseases in gastro-intestinal (GJ) tract. However, autonomic movement ability of the capsule endoscopy is needed in clinic urgently because of the defects of the passive capsule endoscope. We design a novel active capsule endoscopy (capsubot) called the "internal force-static friction" capsubot that moves in way of impact. A physical simulation measurement system is fabricated to measure the friction when the capsubot moves in the intestine. According to the simulation results that based on the parameters we get from the experiment, we optimize the structure of the driver and control method. Then the capsubot can get the best motion effect in the intestine in vitro.
INTRODUCTION
According to the statistics of World Health Organization, there are nearly 60 million patients with GI tract disease in China. The number of deaths caused by intestinal cancer is only less than that of cardiac cerebral and vascular diseases. Endoscopy has been widely used in clinical as the main diagnostic method of GI diseases. However, the patients, especially the elderly and children, have to endure great pain caused by endoscopy. Furthermore, endoscopy is difficult to cover all regions of the intestine because of the own characteristics of the intestine. Therefore, the capsule endoscopy used for non-invasive or minimally invasive examination develops rapidly. Now capsule endoscopy has become a new standard of the inspection of the esophagus and intestine [II. This technology is called a revolutionary change of the development of gastrointestinal endoscopy in the 21 st century [21. As a new technology, capsule endoscopy has unavoidable disadvantages, such as missed diagnosis, ileus, etc. In order to overcome the difficulties, the motion mechanism of the capsule endoscopy is very important.
The driving mode of the capsubot contains bionic driving, screw driving, foot driving and many others. Bionic driving is mainly based on the motion mechanism of earthworm and inchworm f3.5
1
. Screw driving is that capsule is rotated by a certain method, and then the capsule moves with the thrust caused by the rotation of the thread in the grume f6.9
.
Foot driving is that capsule moves using its feet to seize the wall of the intestine, which has a high efficiency 110•11 1 .
In the paper, we design a novel "internal force-static 978-1-4244-9324-1111/$26.00 ©2011 IEEE 346 friction" capsubot which moves more safely and efficiently. A physical simulation measurement system is fabricated to measure the friction when the capsubot moves in the intestine.
According to the simulation results that based on the parameters we get from the experiment, we optimize the structure of the driver and control method. Then the capsubot can get the best motion effect in the intestine in vitro.
II.
"INTERNAL FORCE-STATIC FRICTION " CAPSUBOT

A. Driving Principle
According to "internal force-static friction" driving principle, the capsubot can be divided into two parts: a shell and a sliding mass. To move the capsubot forward, the required motion consists of four steps I) Large backward accelerated motion of the sliding mass. Forward accelerated motion of the shell.
2) Small backward decelerated motion of the sliding mass. Forward decelerated motion of the shell.
3) Small backward decelerated motion of the sliding mass. The shell remains stationary.
4) Forward slow motion of the sliding mass. The shell remains stationary. The driver contains four parts: magnetic conductor, magnetic conductive gasket, coil and magnet. The same poles of the three magnets are placed face to face. Three magnets are connected by magnetic conductive gaskets. The whole is used as the sliding mass. The coils connect with the magnetic conductor. The whole is regarded as the shell. The magnetic paths of the magnet are shown in Fig. 2 . The structure with magnetic coagulation effect is used for getting larger output force. There are three slots on the magnetic conductor for installing and moving (see Fig. 3 ). We choose NdFeB as hard magnet and pure iron as soft magnet 
C. Motion Mechanism Prototype
The prototype of the "internal force-static friction" capsubot is shown in Fig. 4 . The size parameters of the whole prototype are: the overall length is 35.72mm and the diameter is 13mm. The center part of the prototype is driving cabin. The size parameters are: the length of the driving cabin is 19mm, the length of the sliding mass is 16mm and the sliding journey is 3mm. Both sides of the prototype are load cabins. The weight of the shell (ml) is 3.21g and the weight of the sliding mass (m2) is 7.94g (see Fig. 5 ). The theoretical output force-displacement curve looks like the letter "W" according to finite-element calculation (see Fig. 6 ). The actuator is controlled by Pulse-Width Modulation (PWM) signa\. The velocity curve of the sliding mass in two periods is shown in Fig. 7 for the purpose of making the actuator have the highest efficiency and the lowest energy consumption.
The lheoretical output force of the driver . .. . , . .. Now the speed of the capsubot can reach 30mm/s on hard plane. The average power dissipation is 70mW. However, the capsubot moves inefficiently in the intestine because of the viscoelasticity of environment. We get the parameters that the capsubot moves in the intestine from experiments to optimize the driver.
III.
EXPERIMENT AND RESULT
A. Physical simulation measurement system
In order to simulate the motion state of the "internal force-static friction" capsubot that moves in the intestine, we design and fabricate the physical simulation measurement system (see Fig. 8 ). The whole system consist two parts: one is operating station unit and the other one is control, data acquisition and analysis unit. The main part of the operating station is NLA-7SL series core less linear motor which is produced by NIKKI DEN SO. The encoder is RGH22X-lum resolution which is produced by RENISHA W. The accuracy of positioning of the system can reach 1 um. The secondary of the linear motor is combined with a support, on which there fixes a single freedom-degree micro force sensor. The right side of the operating station is objective table (see Fig. 9 ). The main control unit is a computer that connects to the controller of the motor by serial port. We use data acquisition (DAQ) card that is produced by NI to acquire the voltage signal of encoder and micro force sensor. The voltage signal of the micro force sensor is millivolt-level signal, so it needs to be magnified by signal preamplifier. In the computer we use Labview to read and save data.
B. Experiments and Results Analysis
In order to simulate the environment in which the intestine is in the living body, we choose flexible polyurethane foam (PUF) as a basement that is fixed on the objective table. The specimen of the intestine is a length of jejunum that is about 8cm. One side of the specimen and the 348 mesentery are fixed on the basement. We put the capsule specimen in the intestine. One side of the capsule specimen is connected to the probe of the micro force sensor with fish tape. The capsule specimen is driven by the motor. We executed many experiments for variations of diameter, mass and velocity. Through these experiments, the friction forces between the capsule specimen and the intestine are measured and the friction characteristics variation rule with the parameter variations can be found.
It is difficult to describe the process of the capsubot moving in the intestine, because of the viscoelasticity of the intestine. Especially the velocity exerts a tremendous influence on the friction. Many domestic and overseas researchers examine the relationship between the velocity and the friction in detail. The common conclusion is that as the velocity increases, the friction will increase. The shape of the capsule specimen in the experiment is the same as the prototype shown in Figure 5 . The mass of the specimen is 12.6g. The graph of the output force received from the micro force sensor shows the friction at a certain velocity (see Fig.  10 ). In the graph there is a clear inflexion labeled by a circle. The capsubot cause a slippage in the intestine at this point. The friction converts from stiction to sliding friction. So we can get the information of the force and the moving distance at the slippage point. We arrange the relationships between the velocity and the friction, the force the moving distance at the slippage point (see Fig. 11 ). In the graph we find that there is a great difference of the trend of the data. At the velocity of about 10mm/s, there is a stationary state. So we analyze the state of low velocity and impact process separately. The sampling points of low velocity are 0.53, 1.07, 2.25, 4.25 and 6.35mmls. As the velocity increases, the friction, the force at the slippage point and the moving distance of the capsule specimen will increase. We get the functional relationship shown in the image by means of curve-fitting (see Fig. 12, 13 ). v(mm/s)
Fig. 13 Distance in low velocity
The friction in the impact process is very important for the design and control method of the prototype, because the "internal force-static friction" capsubot moves in way of impact. The sampling points of velocity are 16. 67 Fig. 14, 15) . We can see that the friction maintains continuing growth at a speed of 100mm/s. The force at the slippage point comes to a stationary state at a speed of 80mm/s. The moving distance of the capsule specimen at the slippage point does not grow at a speed of 50mm/s. The distance stabilizes at about 6.5mm. : "/// . , . . . , ..... . The friction caused by the shrink of the intestine is an important parameter when the capsubot stops at a certain speed (see Fig. 16 ). We fmd that there is an obvious relationship between the friction and velocity at low velocity, while it remains unchanged at impact process. We get the Gauss curse by curve-fitting (see Fig. 17 ). IV.
PARAMETERS OPTIMIZATION AND MOTION CONTROL
In order to achieve a good motion effect, the viscoelasticity of the intestine must be overcome. Therefore, we present two programs. First, increase the step size. That is to say, the distance in the impact process (step 1) is larger than the maximum elongation of the intestine. Second, amplify the motion frequency to make it larger than the natural frequency of the intestine. We analyze the two programs in two ways: parameters optimization and motion control.
A. Increase the Step Size
In the program, only impact process (step 1) needs to be considered. We get the impact distance in step 1 by simulation analysis. The kinematical equation of capsubot is
Where F is output force, foUl is friction between the shell and the intestine, hn is the friction between the sliding mass and the shell, ml, m2 are the weights of the shell and the sliding mass, Xl' X2 are the distances of the shell and the sliding mass. The output force of the driver is shown in Fig. 6 . The friction between the capsubot and intestine we get from 
The maximum extension of the intestine we get from The structure between the shell and sliding mass is shown in Fig. 18 . The material of the axle that connects to the shell is steel. There is a copper ring that fixes on the sliding mass between the mass and axle. We get the friction coefficient according to experiment 11 = 0 . 07. The inside friction is In = J1· m 2 • g (4) soft i,.oll Fig. 18 The material between the shell and sliding mass
We get the simulation result from equation (1) In the whole sliding journey, the driver output the maximum force to make the shell accelerate in order to get the maximum distance. The distance is I.S29mm, less than the elongation of the intestine. If we want to make the capsubot get rid of the intestine, the sliding journey is ISmm at least.
B. AmplifY the Motion Frequency
We get the friction caused by the shrink of the intestine from Fig. 17 . f(t)=O.07754*e (';�:�9)' +1.267*e ('��:3 )' +O.07742*e ('�:��8 )'
The intestine is regarded as the perfectly elastic body. The intestine generates shear deformation when the capsubot moves. According to the stress strain function of elastic body, we get
(j is stress. £ is stain. E is modulus of elasticity. F is shear force. S is sectional area. !1.1 is the change of the length.
l o is original length. The modulus of elasticity of intestine is E = 4.3992· (7 07 5 [141. According to actual measurement, we get S = 11 02.14mm 2 ,1 o = 27 mm. From equations (6) (7) (8), we get dl = 1.0652 . F0 25 (9) The friction of the capsubot in the whole motor process is shown in Fig. 20 . We get simulation result According to the result of sim ulation, at the end of step 2, the distance of the shell is zero. At the same time, the velocity of the shell is negative. There is no positive force to overcome the friction in step 3 and 4. Therefore, the capsubot cannot move forward in this way.
V.
CONCLUSION
In the paper, we design a novel "internal force-static friction" capsubot. In order to make the capsubot have a good motion effect in the intestine, we fabricate a physical simulation measurement system to measure the friction when the capsubot moves in the intestine. According to the simulation result that based on the parameters got from the experiments, we optimize the structure of the driver and control method. It is difficult to improve the motion effect only by change the control method. Changing the structure parameters is an effective method.
